A chromatin-associated casein-type protein kinase has been purified 500-fold from soybean ( Glycine max, var. Wayne) tissue. The enzyme can be completely dissociated from isolated chromatin in 250 millimolar (NH4)2SO4. After purification, the kinase preparation is stable for at least 6 months at 0 C. The enzyme will phosphorylate casein, phosvitin, and denatured chromatin proteins, but not histones. Only ATP organisms (14, 22). Evidence that chromosomal protein phosphorylation may be involved in the regulation of eukaryotic gene transcription has stimulated interest in nuclear protein kinases (13) . Correlations exist between protein kinase activity and the activation of RNA synthesis, and high levels of protein kinase activity can be isolated with transcriptionally active chromatin (10, 20; refs. in 26). Modifications of RNA polymerase activity by protein kinases have been reported in several systems including Ascites tumors (5) and calf thymus (9).
gates with other chromosomal proteins in the preparation. The enzyme activity is not affected by cyclic AMP. Casein kinase shows a broad optimum between 7 and 8 and the isoelectric point is approximately 9. Preliminary data indicate that soybean casein kinase will not phosphorylate soybean RNA polymerases I or II, nor does it have any obvious effect on in vitro chromatin transcription by endogenous RNA polymerases.
Kinases (EC 2.7.1.37) catalyzing the transfer of the y-phosphate from ATP to serine or threonine residues in protein substrates occur in a wide variety of organisms (14, 22) . Evidence that chromosomal protein phosphorylation may be involved in the regulation of eukaryotic gene transcription has stimulated interest in nuclear protein kinases (13) . Correlations exist between protein kinase activity and the activation of RNA synthesis, and high levels of protein kinase activity can be isolated with transcriptionally active chromatin (10, 20; refs. in 26) . Modifications of RNA polymerase activity by protein kinases have been reported in several systems including Ascites tumors (5) and calf thymus (9) .
Protein kinase activities described in animal systems may be divided into two classes according to substrate specificity and the requirement for cAMP or cGMP for expression of maximal activity. Cyclic nucleotide-dependent protein kinases are especially active on histones but generally will not phosphorylate acidic proteins. Because the majority of the cyclic nucleotidedependent protein kinase activity is found in the cytosol and/or membrane fractions, they appear to be primarily extranuclear (10, 14, 22) . However, histones in the nucleus are subject to cAMPdependent phosphorylation (14) . The (6, 10, 14, 22) . The high levels of casein kinase typically detected in nuclei and chromatin suggest a role in nuclear nonhistone protein phosphorylation in vivo (10, 14, 22, 26) .
While an extensive literature on chromosomal protein phosphorylation and protein kinases exists for animal systems, less work has been done with higher plants. Chromatin protein phosphorylation has been studied in a number of systems including wheat, Lemna , tobacco, and cabbage (refs. in 26) . In addition, protein kinase activities have been detected in nuclei, ribosomes, and chloroplasts from a number ofhigher plants (refs. in 26) . However, no casein kinase has been extensively purified or characterized from nuclei or chromatin of higher plants.
Concomitant with auxin-enhanced RNA synthesis in soybean hypocotyls (11) there is an increase in nuclear protein phosphorylation and in nuclear casein kinase activity (21) . Moreover, RNA polymerase preparations from soybean were found to copurify with a protein kinase activity during the early stages of purification (unpublished) . Purification of this enzyme was undertaken in order to compare its activity to that of the casein kinases described in animal systems and to test for a possible role of protein phosphorylation in the regulation of RNA synthesis in soybean hypocotyls. Soybean hypocotyl tissue contains a histone kinase (16) in addition to the chromatin-associated casein-type kinase which will be described here. This study shows that the properties of soybean casein kinase are similar to casein-type kinases found in animal systems. DTT, 0.5 mm phenylmethylsulfonylfluoride, and 1% dimethylsulfoxide. Because of its low solubility in water, phenylmethylsulfonylfluoride was dissolved in dimethylsulfoxide before addition to buffers.
METHODS
Isolation of Chromatin and Nuclei. Thirty-six-hr auxin-treated soybean (Glycine max, var. Wayne) seedlings were grown as described previously (8) . Mature hypocotyl tissue (that portion from 1 cm below the cotyledon to 1 cm above the root) was harvested onto ice and all subsequent operations were done at 0 to 4 C. Chromatin was isolated from 1-to 1.5-kg lots of hypocotyls at pH 7 according to Lin et al. (15) and stored in buffer A containing I mm MgCl2 and 30%o (v/v) glycerol at -70 C until use. For analysis of protein kinase localization, nuclei were isolated at pH 6 according to Chen et al. (4) and purified by pelleting through a pad of buffer A containing 1.2 M sucrose, 20 mm MgC12, 20 mm KCI and 30% (v/v) glycerol by centrifugation at 16,000g for 30 min. The nuclear pellet consisted primarily of intact nuclei although some nucleoli and starch grains were evident. Nuclei isolated as described maintain sufficient structural and functional integrity that they do contain both RNA polymerase I and II and carry out RNA chain elongation at high rates (4) . That material that did not pellet through the 1.2 M sucrose pad was combined with the postnuclear supernatant and centrifuged at 6,000g for 30 min. The 6,000g pellet is referred to hereafter as chromatin. The 6,000g supernatant was centrifuged at l00,OOOg for 3 hr, and both the supernatant (cytosol) and l00,OOOg pellet were retained for protein kinase assays.
Preparation Protein Kinase Solubilization. Chromatin isolated from 7 to 10 kg of hypocotyl was thawed and solid (NH4)2SO4 (enzyme grade, Schwarz/Mann) was added to a final concentration of 250 mM. The suspension was stirred for 3 hr at 4 C followed by the gradual addition of 0.2 ml/ml of 2% (w/v) protamine sulfate (Calbiochem) and additional stirring for I hr. The supernatant containing essentially all of the protein kinase activity was collected after centrifugation at 300,000g for I hr. Solid (NH4)2SO4 (0.35 g/ml) was added slowly and the precipitate was collected after centrifugation at 300,000g for I hr. The pellet was dissolved in 50 Table I . About 60o of the total casein kinase activity is observed in the particulate fractions which contain all of the DNA. Because the nuclear isolation procedure includes a Triton X-100 wash, the pelletable activity cannot be attributed to casein kinase trapped in (20) and was thus routinely used for isolation. Chromatin was stored frozen until sufficient quantities could be collected. More than 90% of the casein kinase activity remained in frozen chromatin after up to 2 weeks storage. Moreover, the gel exclusion and ion exchange column elution profiles were similar whether the casein kinase was solubilized from 2,4-D-treated or untreated, freshly prepared or frozen chromatin. Hence, freezing and/or the use of auxin-treated tissue did not give selective enrichment for one casein kinase species.
Because soybean casein kinase was first detected during purification of RNA polymerase, the purification scheme is based on the methods of Guilfoyle et al (8) (Fig. 3a) . (Fig. 3b) (19) . Soybean histone kinase does bind to DEAE-cellulose (P. P. C. Lin, personal communication), and it is possible that much of the "casein kinase activity" observed in the DEAE-cellulose-bound fraction is attributable to histone kinase. In addition, the DEAE-cellulose-bound casein kinase fraction will support substantial phosphorylation in the absence of any additional substrate, indicating that this fraction is enriched for protein kinase substrates (19) .
MURRAY, GUILFOYLE, AND KEY
The purification scheme is summarized in Table II. About 14% of the total casein kinase activity present in the tissue was recovered after phosphocellulose chromatography. Purification at this stage was better than 500-fold, relative to the crude homogenate. The specific activity of 9,800 units/mg of protein is comparable to those attained in rat liver (6, 7, 24) and yeast (2) . However, electrophoretic analysis on SDS-polyacrylamide gels indicated a heterogeneous array of polypeptides in the preparation and thus the preparation was not homogeneous (19) . After phosphocellulose chromatography, casein kinase is stable for at least 6 months at 0 or -70 C if stored in the presence of phenylmethylsulfonylfluoride and 30%o glycerol. All enzyme characterization was done on phosphocellulose-purified enzyme.
In the process of enzyme characterization it was later found that further purification to a specific activity of 28,000 units/mg of protein was possible with preparative isoelectric focusing. After the focusing step the casein kinase was less stable, perhaps due to the low protein concentration in the more highly purified preparation. However, casein kinase purified by isoelectric focusing was tested for effects on chromatin transcription.
Casein Kinase Characterization. Casein kinase shows a broad pH response with the maximal activity between pH 7 and 7.5; however, enzyme activity increases again above pH 8 (Fig. 4) . Broad, bimodal pH curves have been observed in other systems and are believed to be caused by the increased solubility of casein at higher pH (2, 25) . Five mm Mg2e is required for maximal activity, but 5 mM Mn2+ will support about 30%o of this (Fig. 5a ).
In contrast to the nuclear casein kinases described in Ascites tumors (5) and rat liver (7), soybean casein kinase is inhibited by monovalent cations when present along with optimal Mg2+ concentrations (Fig. 5b) . Because casein kinase assays involved a 40-fold dilution of the enzyme preparation, the (NH4)2S04 concentration had negligible effect on the analysis of column elution profiles. All final yields and specific activities were determined in assays containing less than 1 mm (NH4)2SO4. Calculated recoveries from sucrose gradients containing (NH4)2SO4 are based on the enzyme activity applied when assayed at the same salt concentrations present during analysis of the gradient fractions.
Substrate specificities are shown in Table III (Table IV) . Addition of a 200-fold excess of unlabeled ATP lowers count incorporation proportionally, but excess GTP, CTP, or UTP has no effect. Thus, this casein kinase requires ATP as the phosphate donor. Cyclic AMP at 5 x 10-6 M had no effect on casein kinase activity, but was slightly inhibitory at 5 x 10-4 M. The standard reaction using 100 ,ug of casein and 7 units of casein kinase/0.2-ml reaction is linear with time up to 10 min and begins to plateau by about 60 min (Fig. 6) . Incorporation ceases when a 50-fold excess of cold ATP is added after the reaction has proceeded for 30 min but the amount of 32Pi incorporated does not decrease. Maintenance of a stable level of 32Pi incorporation after isotope dilution indicates the absence of significant phosphate turnover. Hence, the kinase preparation is low in phosphoprotein phosphatase activity. Casein kinase gives linear Line-1027 weaver-Burk plots when assayed with ATP concentrations varying from 5 to 100 ,UM (Fig. 7) . The apparent Km for ATP under these conditions was 7.9 ,UM. Similar analysis gave an apparent Km for casein of 2.4 mg/ml (19) .
Isoelectnc Focusing. Soybean casein kinase is resolved into two main activity peaks (pl 8.6 and 9.2) by preparative isoelectric focusing (Fig. 8) . Since crude casein kinase preparations aggregate at the low ionic strengths required for isoelectric focusing, the two for analysis on sucrose gradients. 4,500 units of phosphocellulose-purified casein kinase activity were applied and 10,000 units recovered.
peak fractions were compared on sucrose gradients in the presence and absence of 250 mM (NH.o)2SO4. Both the pI 8.6 and 9.2 activity peaks from the focusing column resolve into several activity peaks under low salt conditions (Fig. 9a) and only 57% of the pI 8.6 and 76% of the pI 9.2 fractions applied to the gradients could be accounted for in the gradient. In the presence of 250 mMs (NHFSO4 both fractions show casein kinase activity at about 3.7S and ali of the applied activity could be accounted for in the gradient (Fig. 9b) . Figure  8 (pI 9.2 and pl 8.6) were analyzed on 5-ml 5 to 25% linear sucrose gradients containing I mg/ml BSA and (a) no (NH4)2SO4 or (b) 250 mm (NH4)2SO4. Further details are given in the legend of Figure 1 . Enzyme activity applied was: no (NH4)2SO4, 9 units of pI 9.8, and 9.5 units of pl 8.6; 250 mM (NH4)2SO4, 9.8 units of pI 9.8, or 11.6 units of pl 8.6 . In the absence of salt, 76% of the pI 9.2 activity and 57% of the pl 8.6 activity were recovered in the gradient. In contrast, all of the applied enzyme activity for both fractions was recovered in the gradients containing 250 mM (NH4)2SO4. (2) and rat liver (7, 25 (12) . However, the latter study did not consider the possible presence of endogenous protein kinase substrates in the fractions, nor did it rule out the possibility of enzyme aggregation. Careful studies by Desjardins et al. (6) indicated that the two cAMP-independent nuclear casein kinases in rat liver nuclei aggregate at low ionic strength to produce additional artifactual activities. Aggregation of rat liver casein kinases as well as soybean casein kinase is probably due to nonspecific aggregation with contaminating proteins rather than the formation of casein kinase multimers. Similarly, only two nuclear casein kinases have been reported in chick oviduct nuclei (10) . Whether the faster sedimenting species of soybean casein kinase observed at low ionic strength may include regulatory subunits or otherwise have functional significance is unknown. Taking aggregation into account, no argument for the presence of more than one chromatin-associated casein kinase activity in soybean can be made at present. However, the possibility that more protein kinase activities would be detected using other substrates cannot be excluded. The mol wt estimate of about 55,000 is within the range reported for nuclear casein kinases in rat liver (6, 25) , Ascites tumors (5), yeast (2) , and chick oviduct (10) .
Soybean casein kinase shows many similarities to nuclear casein-type kinases described in a variety of other systems (2, 5, 6, 10, 25) . First, based on the high specific activities observed in intact nuclei and chromatin, the enzyme appears to be chromatinassociated, but it may be removed by relatively mild conditions [250 mm (NH4)2SO41. Second, soybean casein kinase has a specific requirement for ATP as the phosphate donor. However, the observed Km of 7.9 ltM with the optimal Mg2+ concentration is lower than for nuclear casein kinases from rat liver (6, 25), or chick oviduct (10) . Third, soybean casein kinase will phosphorylate casein, phosvitin, and soybean chromosomal protein but not histone. Finally, as generally observed for animal nuclear casein kinases, phosphorylation by soybean casein kinase is not affected by cAMP. To date, no unequivocal evidence for the existence of cAMP or cAMP-dependent protein kinases has been found in higher plants (1) .
Detailed studies on soybean chromatin protein phosphorylation indicate that increases in chromatin protein phosphorylation and chromatin-associated casein kinase activity are correlated with auxin-enhanced RNA synthesis (21) . Data in other systems suggest that chromatin protein phosphorylation may alter chromatin template availability for transcription (10, 13; refs. in 26) . Results presented here indicate that addition of exogenous casein kinase to chromatin from either auxin-treated or untreated tissue resulted in little or no increase in chromatin protein phosphorylation over that supported by the endogenous kinase coisolated with the chromatin. Since the level of chromatin-bound casein kinase activity is not limiting in either preparation, other mechanisms such as differential susceptibility of chromosomal proteins to phosphorylation may explain the higher levels of phosphate incorporation in chromatin from auxin-treated tissue.
Reports that protein kinase stimulates in vitro transcription by RNA polymerases I and II suggest that RNA polymerase activity in vivo may be regulated by phosphorylation (8, 9; refs. in 26 Plant Physiol. Vol. 61, 1978 tion could not be shown to affect directly in vitro chromatin transcription.
